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PREFACE

This report provides coastal engineers with documentation that a wide zone

of nearshore bathymetry responds to long-term increases in water level by
migrating inland with the receding shoreline. The dimensions of the zone

affected depend on the wave exposure. A simple procedure is presented for
estimating the magnitude of shore recession and the depth of profile adjust-

ment for any sandy stretch of shore on the U.S. side of the Great Lakes.

This report is based on a 9-year series of nearshore surveys conducted on

the eastern shore of Lake Michigan. The first three surveys (1967, 1969, and
1971) were carried out by the U.S. Army Lake Survey as part of their shore

processes investigations. The remainder of the work was carried out under
the sediment hydraulic interaction program of the U.S. Army Coastal Engineer-
ing Research Center (CERC).

The report was prepared by Edward B. Hands, under the general supervision

of Dr. C.H. Everts, Chief, Engineering Geology Branch, Engineering Develop-

ment Division, CERC. Reviews and helpful comments from Drs. C.H. Everts and
R.D. Hobson of CERC, and P. Bruun, are deeply appreciated. Dr. W.L. Wood and

J. Pope provided data used in the example problems.

Comments on this publication are invited.

Approved for publication in accordance with Public Law 166, 79th Congress,

approved 31 July 1945, as supplemented by Public Law 172, 88th Congress,
approved 7 November 1963.

Colonel, Corps of Engineers

Commander and Director
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CONVERSION FACTORS, U.S. CUSTOMARY TO METRIC (SI) UNITS OF MEASUREMENT

U.S. customary units of measurement used in this report can be converted to
metric (SI) units as follows:

Multiply by To obtain

inches 25.4 millimeters
2.54 centimeters

square inches 6.452 square centimeters
cubic inches 16.39 cubic centimeters

feet 30.48 centimeters
0.3048 meters

square feet 0.0929 square meters
cubic feet 0.0283 cubic meters

yards 0.9144 meters
square yards 0.836 square meters
cubic yards 0.7646 cubic meters

miles 1.6093 kilometers
square miles 259.0 hectares

knots 1.852 kilometers per hour

acres 0.4047 hectares

foot-pounds 1.3558 newton meters

millibars 1.0197 x 10 3  kilograms per square centimeter

ounces 28.35 grams

pounds 453.6 grams
0.4536 kilograms

ton, long 1.0160 metric tons

ton, short 0.9072 metric tons

degrees (angle) 0.01745 radians

Fahrenheit degrees 5/9 Celsius degrees or Kelvins i

1To obtain Celsius (C) temperature readings from Fahrenheit (F) readings,
use formula: C = (5/9) (F -32).

To obtain Kelvin (K) readings, use formula: K f (5/9) (F -32) + 273.15.
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SYMBOLS AND DEFINITIONS

1) average height of affected dunes

d depth of profile adjustment

d estimate of d (d = 2.1 h 5 )

h 5  significant wave height with a 5-year return period

k a constant of proportionality between wave height and the depth of
profile adjustment

gn natural logarithm

Q volume sediment flux into the survey area

RA sediment overfill factor--the ratio of sediment volume supplied bv
profile recession to that retained after sediment sorting, packing,

and profile readjustment

sg (z) signum function having values of: I for z > 0; -1 for z < 0; and 0

for z = 0

T time

Th thickness of volume change if spread evenly over the survey area K

X average horizontal extent of profile adjustment

x average horizontal displacement of the profile and shoreline

Y longshore extent of survey area

Z average vertical extent of adjusting shore profile

z average change in elevation of the water surface

the effective angle of profile response if RA = I and Q = 0 (eq. 3)

(also symbol for "is directly proportional to")

AX profile digitizing interval

7
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Figure 2. Comparison of annual mean water levels at ocean and Great

Lakes sites. During rising lake levels the shores of the
Great Lakes may be submerged more in a 5- to 10-year period
than most ocean sites are in a century. Reversals in trend
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sites are exposed to a slower but more persistent rate of
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PREDICTION OF SHORE RETREAT AND NEARSHORE PROFILE

ADJUSTMENTS TO RISING WATER LEVELS ON THE GREAT LAKE'S

R.Y
Flwarl R. qands

1. INTRODUCTION

1. Purpose.

This report demonstrates that increased shore retreat during periods of
sustained high water is merely the most visible expression of a massive
adjustment affecting a much wider area offshore. An equilibrium sediment
balance model realistically describes the ultimate, broad profile response to
increased water levels. Beach and nearshore surveys along a section of the
eastern shore of Lake Michigan (Fig. 1) in 1967, 1969, 1971, 1975, and 1976
provide the basis for this analysis. The results are generalized to provide a
simple but rational approach for estimating the response of sandy shore areas
throughout the Great Lakes to future long-term change in water levels.

2. Background.

Because of variations in climatic factors within their regional drainage
basins, the Great Lakes experience water level fluctuations uncharacteristic
of ocean shores (Fig. 2). Dry periods are common during which the mean
elevations of the lakes decline for many years in succession. After these
long periods of falling lake levels, it is easy for new property owners to
overestimate the stability of the shores and build structures too close to the
lakes. Storm erosion during later years of high water accelerates shore
recession and creates costly property damage. The persistence of high water
conditions for many years permits extensive profile adjustment via erosion and
offshore sediment transport.

Recurrently during periods of extreme shore erosion there has been public
interest in gaining greater control over lake level fluctuations. However, a
study by the International Great Lakes Level Board (1973) concluded that regu-
lation of the five Great Lakes, while possible, would not provide benefits
commensurate with cosLII; outflows from Lake Superior and Lake Ontario have
been controlled since 1921 and 1958, respectively. Natural variations in the
water supply to these basins are too large, however, to maintain constant lake
levels, so adjustments are made in the flows to benefit the many interests
involved. Reliable estimates of shore erosion for various water level condi-
tions are important in evaluating the impact of regulation plans on riparian
interests. An improved understanding is also needed for the proper design of
coastal construction projects and beach-fill operations, and the recommenda-
tions of setback distances, etc.

A report on recent changes in rates of shore retreat summarized data from
the same set of surveys used here, but considered only the changes within 100
meters of the shoreline (Hands, 1979). Dates, types of data collected, and
reports on the earlier surveys are discussed in Section Ii.

9



11. DATA COLLECTION

1. Profile Stations.

Hydrographic surveys were conducted near Pentwater Harbor on the eastern
shore of Lake Michigan in both the spring and fall of 1969 (Fig. 3). These
surveys revealed little variation in nearshore bathymetry beyond the first 50
meters offshore. The formation, migration, and eventual welding of an ephem-
eral coastal bar to the subaerial beach constituted the major change during
these periods of relatively limited wave action. However, when these profiles
were compared with profiles from several of the same stations 2 years earlier,
apparent changes in bathymetry were evident out to a depth of 5 meters. To
further investigate thi apparent long-term profile evolution, profile changes
were monitored in 1971, 1975, and 1976 by resurveying the 10 original stations
(established in 1967 within a kilometer of the jettied entrance to Pentwater
Harbor) and 24 additional stations spread over an adjacent 50 kilometers (Fig.
4).

2. Survey Periods and Earlier Reporting.

Profiles were measured during six different survey periods over a span of
9 years. The survey periods and monthly mean lake levels are shown in Figure
5. Changes in bathymetry between 1967 and 1969 were reported in Saylor and
Hands (1970). Hands (197ba) provided a description of the cross-sectional and
areal geometry of the longshore bars throughout the 50-kilometer reach, as
well as information on grain-size variations and some speculation on the pro-
file adjustment between 1967 and 1971. Hands (197bb) compared profile devel-

opment through 1975 with a possible relationship between regional tilting of
the Great Lakes basin and variations in historic bluff recession around the
perimeter of Lake 'ichigan over a 120-year period. Hands (1979) incorporated
results from the 1976 survey to describe the effects of water level changes on

the shore and on the inner parts of the profile (±100 meters from the shore-
line). The present report summarizes adjustments of the wider responding
profile and recommends procedures for estimating shore and nearshore changes
likely to occur in sandy regions of the Great Lakes as a result ot future

variations in mean water level elevations.

3. Profile Procedures.

In 1967 the profiles were measured by winching ashore a four-wheel level-
ing cart, halted every 5 meters so that elevations could be determined, using
an engineer's level located on the shore. Upon reaching the shore, the cart
was pulled by Jeep down the beach to the next station and then towed offshore
by boat. This metrod limited coverage to depths less than 5 meters and
required a moderately wide, unobstruicted beach for efficient operations. InI
subsequent years, echo sounding was used to extend coverage on the outer part
of the profile but instrument leveling continued to be used in shallow water
to provide an overlap with the sounding record and extend the profile into the
dunes. Boat positioning was accomplished by an optical intersection using two
transits in 1969 and 1971 (Hands, 1976a) and by a range and azimuth microwave
system in 1975. In all years a transit was locked on the profile azimuth for
the individual station being sounded; radio contact between a transit man and
the boat operator ensured that the boat remained on line.

10

-k- - - ~ ~ . - _ _ _ _ _ _ _ --



I vlI



Sf

2

All
WARS STATC

PARK

1A

A

-T

TK
A K4&

Poill"

k V

%A

C L, b*jA 11 K S YOWNSOM, PaN

1 A

MERNERT

A,

0 SC&IJ IN NETIRS

550 10,000

it ioll ioll,; t hrmwlloll, "t t'!

JOIN-



- F
58t

77.0

1C 765 579

578

1760
2.. A rc____ ___ 577

SURVEY PERI0SiI. ll *3 (. I ~ [. ,IG. S65P1.

576
1967 1968 1969 1970 1971 1972 1973 1974 1975 976 1977

(yr)
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All shore profiling was done with an automatic engineer's level. Dis-

tances were determined in previous years by a rodman carrying one end of a

marked measuring wire which was spooled out and read from the reference

monument; the standard three-wire reading method was used in 1976. Shore
monuments at each profile station were tied to one another, to surrounding
bench marks, and to second-order geodetic monuments surveyed by National Ocean

Survey (NOS) in 1973. Vertical reference was supplemented during profiling

operations using a system of water level recorders, water surface rod-

readings, and a portable stilling well which was placed near the shoreline at

the station being sounded.

As mentioned, use of the leveling cart limited coverage to depths of less

than 5 meters in 1967. The outer limit was extended to 11, 1b, and 21 meters
in 1969, 1971, and 1975, respectively. No echo sounding was done in 197b; the

shore profiles terminated in about 1.5 meters of water.

Ill. PROFILE CHANGES

1. Shore Retreat.

The annual mean surface elevations of Lake Michigan rose 1.4 meters from a

record low in 1964 to a record peak for this century in 1973. The earliest

shore profiles in the study area were surveyed in 1967 after the water level

rise was well underway. The rates of shore retreat from 1967 through the peak
water year, and for 3 years thereafter, are contrasted with historic retreat

rates by Hands (1979). The average rate of shore retreat (landward displace-

ment of the stillwater level) during the latter part of the recent period of
rising water was about six times greater than it had been during the preceding

120-year period, or about eight times greater than during the previous 50

years. This increase reflects the effect of recent high lake levels. As tie

lake levels rose the shore retreated roughly in proportion to the increase in

lake levels. Retreat rates remained high for several years after lake levels

stabilized; then as levels declined between 1975 and 1976 the beach began

prograding lakeward. During the last year of study, the average advance of

the shore was similarly proportioned to the drop in lake level during that

period. The horizontal change in shore positions averaged about 40 times the

vertical change in water level surface during those same periods. Simple

13
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linear regression of shore retreat against the change in lake level explained
50 percent of the variance in retreat measurements.

By 1975 the shore had retreated an average of 24 meters from its 1967
position, but variations between adjacent stations were large. The maximum
difference was observed at Little Sable Point which lost 3b meters in 6 years;
the loss was only 6 meters just 2 kilometers away. Shore losses in the
vicinity of the Pentwater jetties were generally low due to a combination ot
shore protection practices in that area. Variations among the other stations
were not as easily explained.

More than 80 percent of the ultimate shore retreat was due to actual reces-
sion caused by erosion and less than 20 percent was due to the immediate effect
of encroachment of the high water across the sloping beach.

2. A Qualitative Description of Nearshore Adjustment.

Assume that an increase in water level sets the stage for an adjustment of
the shore profile. The profile will tend to follow the rising water level by
moving upward and landward as the shore retreats. The zone affected will
extend from the point of highest wave attack down to some point of profile clo-
sure, below which the bottom is not actively shaped by surface-related forces.
The point of profile closure may be close to shore if the profile is responding
to a diurnal change in water level. However, if the increase in water level
persists for several years, then occurrence of the normal series of storms may
extend the point of profile closure to depths of more than 10 meters.

Along almost the entire eastern shore of Lake Michigan, and at many other
sites on the Great Lakes where there is sufficient sand, littoral forces have
built a sequence of submerged sand ridges or longshore bars from shallow
inshore to deeper offshore (Fig. 6). In the present area of study the multiple
bar formation extends from shore to a depth of about 8 meters. Thus, many
aspects of the long-term profile adjustment can be described in terms of
changing bar positions.

3. Bar Geometry.

Bars in the Great Lakes have greater longshore continuity and are more
regular in cross section than those on most ocean coasts. On the lakes, long-
shore bars are also persistent from year to year, whereas they may occur only
seasonally on ocean beaches. The continuity, regularity, and persistence of
longshore bars are likewise remarkable on enclosed seas (e.g., the Baltic, see
Hartnack, 1924; the Mediterranean, see King and Williams, 1949; the Caspian,
see Knaps, 1966). These differences probably reflect the restricted range of
wave conditions (period, direction, and height) and tidal variations on the
lakes and enclosed seas.

Four to five bars are persistent from year to year at most stations in the
study area. An additional smaller emphemeral sand ridge often forms closer to
the shore during higher wave action, but migrates to shore and merges with the
upper beach face as wave conditions wane. In the longshore direction, these
ephemeral coastal bars are less continuous than the outer longshore bars. The
coastal bar can be short (less than I kilometer) and discontinuous, or shore-
tied at both ends, irregular or part of a cellular pattern in the nearshore
bathymetry (Hands, 1976a). Where the coastal bar ties to the shore there is
usually a protrusion of the shoreline and a flanking indentation (Hands, 1979).
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Figure 6. Longshore continuity of bars in the C-reat lakeas. 1the inne-r two t')
three ba rs are iisua liv vi sijble when vi ewed from high biluf fs and
dunes a long the shore. In the above photo (taken ihotit 9(M me n't ers
above take l evelI) the i ne r three bars (-ani be s;een toll ow itin, the
curve of the shoreline from st atiton ]1) tow'ard Pent water tllarho r in
the upper r ight corner (it di-St 1ce )f aIhotit to k i 1 irleters

The cont inuity of the longshore bars is interruptevd in tht. no.rLieri pairt
of the study area by Lte Peritwater Harbor jett ies. Lach var the oiat~ir Kar-,
ext end into the ent rance channe I beyond the -nd it Lt!e jet t es. 1. vp jc*, I I~
40,,00) to 60, 00o cuohic meters ot sand is dredged atintia 1y I ruin t h e r i

bay and from the in land channel where windblown sand mtkvs all in; IJrtaInt ,)I-
t ri hut ion (See 1li, and Sorensen, 197to)). Iit recentL years anl ii i, n c.i
o-f this sand has been used to nourish adjacent bt-aties ; iowcve-r , iot! ,i it I,
taken a bout 1.5 k ilome ters o tt shore ind dumped i iLoi i -n, ter kt pl

In general, jetties wh i ci penlet rate Lte sort LoneIv itI r ru 1)tL I ibe i,-I a

longshore transport of littoral drift. There it, Irequcotl ti t oii itIi

jetties divert some of the drift oft shore WoeLre it a iuIatsi wtt[ Sr
deep that the sand is essentially lost t rum Lte lit t oral sse. ft r. t
inour.d of sediment opposite the Pentwater jtties lies at a det' 't 1 ah
meters and may hiave or igi nated as a result ot such a di version A )tishr
currents. However, Lte broadly SYMMetL r itt k a a1)pea r.4it(- an. Id pojS.itL I in )it , tic
mound (Fig. 7) suggest it is more likely an express til t ALtle 0lteVIi .t t tI
uisposal of the mat,!rial dredged I ruin the channel.

An interrupt ion of longshore bar continluitV aliso occurs tipp;o itu Litti Ic
Sable Point. The bars at this l~ca t ion are not on lv di scoit iinoons, ts )h-
served in aerial photography, but are aliso mauth less regular and es soo)thI
in cross section. hathyuietrial ly, Little Sabhle Point is a trinsit i,)n 'o
dividing the study a rea into t wo -icar ly eqod I stLre tcties with d i %t inot I.,
di fferent bar geoioxt ry. A sequence ot tour wet 1-bored lI-igstiore bar', tiiurk-
both areas, but tin the north these bMrs are shallower and clo ser Lto shore (allI
within the first 400( meters). South oh Lte point. the barred zlont is, tbout WO).
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Fimetrr 7ve the icrest; the inreas i~hntr l d e biiteen btre ientan ofor

direc iiii atr siithe otoermot, wvpeot 11-deele are hrom Lito etr

o ve r the crest as compa red to 3- to 4.-meter depths north of the point. The
d itfe renct? inl shore line or ient at ion north and Sou th of thle point is approxi -

mate ly bIJ0, which, by alItering Lte itearshore wave conditions, could be responi-
s ible for Lte cont rast in bar gvonk-t ry between these two sect ions.

~.lir Migration.

Ot n thle basis ot profile changes between 1967 and 1969 at a few stations inl
he i mined i ate vi cliILy of t he Peiwater jettties, Saylor and Hands (197HI) pro-

posed t hat 1,rigshore bar-s migrate landward as Like levelIs rise, and by doing
-;q) ma it aili col'st ant di pt hs beneathI thli gradual ly r ising LAe sort ace * This
proposa I a s consistent with Keu lega n s (1I948 ) Co1itic Lu oils aftter stutdying the
I act )r5 controlling bar 1I rmatti i in wavk tanks. * owevyer , t he proposal was
.,out ra ry to) all thle othekr t ie Id s Llid I L'S onI thle (.real t lA ke s. Reports ot

previous t tel dwork emphas ized lo~ng-term stahilIity ot ba rs deeper thail thle
v pheme ralI bar iears hore (e.g. , iUavts and Mk-uvary, 19t5) or inidicated t ha t
dtir i ng pe r iods ot pe rs istent ly r i s ing wa ter new bars were cont i nua 11iv c reaited
i nshore ot the olId ser ies , thereby replatitng outer ba rs wh ikit we le%?It
SL raiided tooi deep to be at ticted by skirtac e wave act ion ( Evans, 1940)).

tic tore sumi r i lg the ba r ig ratL iotn ob e r ved ill this s tud y , cons ide r
t ha t, in gene ralI, any interlpretait ion o t prot ie ct thange uisuialI yv eta i Is i

belie I that thte prof i Ic occupied only LhoSe posit ions inotermedilate between the,
,)oslt Ions determined dirtlog the actual suirveys.%. Whe t tier or not possible



extreme excursions between surveys can safely be ignored depends on the energy
conditions and the temporal and spatial scales involved, as well as on the
application at hand. To reveal trends in lung-term bathymetric adjustment to
higher water levels, profiles taken even several years apart are quite useful,
especially if all the profiles are obtained during similar phases in any
seasonal cycles but over a period of persistent annual change (see Fig. 8).
The magnitude of weekly to monthly profile changes is represented in Figure 8
by four surveys spanning the period from 19 July to 12 August 1967. Their
relatively close agreement contrasts with the difference that develops between
spring and fall as shown by the May and August 1969 surveys. The long-term
trend in bar migration can be seen in the overall change from 1967 to 1969 and
in the comparison of bar positions in those years with the final bar position
determined at this location in 1975. Careful measurements are necessary to
discern the small weekly changes from possible profile error. However, the
cumulative effect of long-term migration clearly exceeds both the margin of
error and the range of short-term fluctuations.

180.

I N 1I 6 AUG 75 26AG 9\ 28AUG 69

I 21 MlAY 69

£ 1765 AUG 67
1975 25 JUL 67: us 19 JUL 67

1969
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173 / N
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Oistonce from ease Monument (M)

Figure 8. Short-term changes in bathvmt ry versus long-term har migration. The
short-term changes are iilustrated by four surveys in 1967. May and
August surveys in 1969 reveal larger changes. The final surveyed bar
position in 1975 illustrates the etfect of long-term bar migration.

Details of intermediate surveys at other stations are shown in Appendix
A. To simplify the presentation of general trends, only the earliest and

latest surveyed bar positions are shown in Figure 9. The original survey in
!967 covered the area in the immediate vicinity of the Pentwater jetties
(stations 3 to 8). The remaining stations (1, 2, and 9 to 29), spread over
the adjacent 50 kilometers, were first surveyed in 19b9.

Continued monitoring ol profile development throughout the remainder of

the rising phase in lake levels and for several years thereafter (until 197b)
confirms the original proposal (Saylor and Hands, 1970) that bars tend to rise
with the water level. However, landward migration of the bars was confirmed
only by the two to three inner bars within 250 meters of shore. The outer
bars did not reveal the same tendency toward shoreward migration as the inner

17



LUDINGTON
PUMPED STORAGE FACILITY

3

45

65

'I.

qr x

5 000

0 50o 000

S'coIp (M)

'1 ' t it i-1 I t i.



0 , 17

18S .. ti..

~~Po!

-'/

t ---- , - K

/ p.

-'0 5'00



bars did, at least not between 19b9 and 1975. Furthermore, the outer bar
during this period generally lost relief as a result of various combinations
of crest erosion (predominant at stations 2, 12, 16, and 18) and trough fill-
ing (predominant at stations 4, 8, 11, and 19). By 1975 these two processes
had progressed to the point of completely eliminating the outermost bar at 6
of the 33 stations (4, 9, 11, 13, 19, and 24).

5. Depths of Profile Closure.

All profiles collected were examined for evidence of a limiting depth
below which there were no bottom changes over the period of study. In 1967
the bathymetric surveys terminated at the 5-meter contour. Over the 2-year
period from 1967 to 1969, substantial bottom changes occurred throughout the
zone from the shoreline to the 5-meter contour. This evidence of deep profile I
fluctuation prompted the extension of surveys to greater depths--lI meters in
1969 and 21 meters in 1971 and 1975. Although probable depth error increased
with distance from shore, the longer profiles converged at their outer ends.

Because relief on the longshore bars increased significantly from one bar
to the next in the lakeward direction and the bars migrated yearly, the enve-
lope of bottom change also increased from the shoreline lakeward across the
barred zone (Fig. 10). Beyond the outer bar, the envelope of bottom change
narrowed abruptly.

18 5 F

180

E Water Surface

- 175 Envelope of Change

C

, ................ CrIlical Depth

L 160
Pinch-out Depth

165

I I I 1 1"I

0 500 in) 1,000 1,500
Figure 10. Envelope of bottom change, station 4 (1967-75). After several years of pro-

file adjustment to higher water levels, the envelope of changes in bottom
elevation is thickest in the zone traversed by the largest migrating bar and
narrows abruptly above the wave uprush and below the barred zone.
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An examination of all profiles indicated that instead (f chi, inr .i-) ,I,

limiting depth, it would be more realistic to pick two depth-;: tht, critthal

depth, a shallower depth above which bottom changes typically ex .eded 0l.3

meter, and the pinch-out depth, a deeper depth below which th,.r,- I, n,0 evi-

dence of change. Between the critical and the pinch-,,it dvpth tIhor, iir .

small but consistent evidence of aggradation (about (1.2 to 1.1 rittr in -.
years), indicating transport and accumulation of sediment hev,,nd t!i. hirru(l

zone. Beyond the pinch-out depth, changes were haphazard and t.neri I- I t,

than 0.10 meter. Which of the two indicators of closure (critical ,r pinch-

out) will be the most relevant depends on the application. For example, when

planning a sediment budget the bathymetric surveys shotili run t,, at least tht

pinch-out depth. On the other hand, when selecting a site for placement o! I
bottom structure or instrument package, going beyond the critical depth rmv h,

enough to preclude burial by the normal processes of sedimentation.

The selection of the closure depths involves an acknowledged subjective

evaluation as to where the profiles appear to close at each survey station.
The degree to which individual judgment affects these estimates is illustrated

in Figure 11 by two estimates obtained independently by two different individ-

uals at each of the profile stations. Discrepancies between individuals,
while substantial at some stations, do not have an unacceptahle effect on the

average depth for a broad reach of shore. Thus, attempts to obtain greater

apparent objectivity in the selection of the individual depths seem

unnecessary.

Station Nos.
50 5 0 15 20 25 30

6-

6 ° ° P
7 9 1-

12 K

CII I

t DEPTH OF CLOSURE (m)
Critical depths sbown above
Pinch-out depths below

Figure 11. Depths of closure. Estimates of profile closure were made inde-
pendently by two different individuals (represented as C and 0)
at profile stations I to 29. Solid lines connect their estimates
of critical and pinch-out depths at the same stations. At sta-
tions where the profile did not extend deep enough to permit a
confident selection of the pinch-out depth, a dotted line extends
2 meters below che critical depth estimate.
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The critical depth averaged a little more than 7 meters on the north side
of Little Sable Point, and a little more than 8 meters on the south side
(stations 16 to 29, see Fig. 9). North of the point, the average pinch-out
depth was 10 meters. South of the point, there was no clear pinch-out on
severai of the stations because the 1969 profiles were too short; where the
pinch-out was identified it averaged 11.5 meters. Thus, both definitions
suggest deeper profile closure south of the point.

The individual profiles in Appendix A may be useful to tile engineer in
determining depths of measured changes.

6. Volume Changes.

a. Stations. To test the assumption that the volume of sand eroded from
the upper beach during recession was matched by an equal volume deposited off-
shore, the cross-sectional area between profiles at each station was cal-
culated. The earlier profiles were usually too short to include all of the
active zone, so most area determinations are based on changes between 1971 and
1975. Because only 16 stations were reprofiled in 1971, 4 of the longest 1969
profiles were used to supplement the area change measurements.

b. Calculations. The profiles selected for volume calculations were
digitized at 5-meter intervals in the horizontal from the landwardmost to the
lakewardmost points common to both the earlier and later surveys (e.g., Fig.
12). The results of all the volume calculations are given in Appendix B. The

difference between the sequences resulting from digitization provides a se-
quence of changes, with positive values indicating a fill and negative values
indicating a cut. Multiplying the digitizing interval (5 meters) times the
summation of all elements in the change sequence gives a measure of the net
volume change per unit width alongshore. If the elements in the difference
sequence are summed from their landwardmost point to some arbitrary point
offshore, the product of that sum and the digitizing interval gives the net
change in volume per unit width over that arbitrary span. Below each set of
digitized elevations there is a continuous curve showing the change in volume
per unit width from the innermost point to each succeeding point across the
entire active profile. This cumulative volumetric curve is drawn to the same
horizontal scale as the profile.

A dashed curve plotted on the same axis shows the average thickness of tile
net volume change if it were distributed uniformly from the innermost point to
the end point for which the change was summed (Fig. 12).

c. Results. Inevitably, on a receding shore the cumulative volume curve
is negative from the inner point out beyond the shoreline, indicating net
degradation or cutting over tie upper beach. Small zones of aggradation or
fill offshore cause the cumulative volume curve to increase toward zero (Fig.
12). At a point farther offshore the cumulative volume curve returns to
zero. Between this balance point and tile backshore the cut and fill exactly
balance each other; i.e., neglecting compaction and expansion, the sediment
could have been redistributed within that zone without requiring any gain or
loss to the outside. Offshore from this balance point the cumulative volume
curve would ideally not depart significantly from zero. With the real pro-
files, however, the cumulative volume curve offshore often increases about as
far above zero as it was below zero inside tile first balance point (App. B).
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Figure 12. Schematic diagram of volume change calculations.

Farther offshore the cumulative volume curve usually crosses the zero line
several times before finally smoothing out. A positive cumulative volume
curve indicates additional sediment was supplied from outside the profile

area. If this sediment came from offshore, the cumulative volume curve would
approach zero again if extended to the pinch-out depth. As it turned out,
changes in depth over the 4- to b-year period were so small near the pinch-out
depth that the total volume change summed over the entire active beach was
relatively unaffected by deliberate extensions of the cuMUlative volume curve,
and therefore, even more insensitive to actual uncertainties encountered in
selecting the pinch-out depth (Fig. 11). Although the cumulative volume curve
approached a constant near the pinch-out depth, it usually was not zero. Thu
value of the cumulative volume curve at the pinch-out depth, representing the
net change summed over the active profile, is tabulated by station from north
to south in Table 1. The concept that equivalent volumes are eroded from the

upper beach and deposited offshore (sometimes called Bruun's rule) is clearly
invalid when applied to single profiles. In fact, with the given p)rolile

spacing, there is no sediment balance even when volume changes are calculated
over reaches several kilometers in length. Rosen (1978) pointed out similar

local imbalances in the Cesapeake Bay.
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Table 1. Volume change per unit width of shore.
Time

Station between Volume changes (m 3/m/yr)

No. surveys
(yr) Zone 1 Zone 22 Zone 33

1 4.2 -11.1 -18.8 -8.7
2 4.3 -6.6 -10.6 2.3

3 4.3 -11.7 -15.5 -20.4

4 4.3 -6.8 -9.4 37.2
5 4.3 2.6 1.4 37.6
6 4.3 -0.5 -1.9 30.U

7 4.3 -6.0 -14.8 -3.5
8 b.2 -4.8 -9.0 5.6

10 4.3 -12.2 -16.2 9.6
11 5.8 0.0 -2.4 26.9
12 6.3 0.3 -0.2 12.0
13 4.2 -16.5 -17.9 11.6
18 4.2 -3.3 -17.4 18.1

19 4.2 -11.5 -20.3 4.5

20 6.2 -7.3 -8.4 3.7
24 4.2 -0.9 -8.0 -2.4

26 4.2 -8.7 -10.4 10.4
27 5.9 -10.2 -13.1 -44.3
29 4.2 0.0 -1.9 -65.2

Avg. -6.1 -10.3 3.4

1Extends from dune to shore.
2Extends from shore to bottom of first longshore

trough.
3Extends over entire profile.

For the entire study area, the total volume lost from the urpe 7ear'/ in 4

years (column 4, Table 1) averaged 41 cubic meters per meter. About 59 per-
cent of this loss reflects erosion above the water surface (column 3, Table
1), the remaining 41 percent occurs between the shore and the first longshore
bar. The net volume change summed over the entire active rroj iZe produced a
small positive, but statistically insignificant net gain of sediment (3 cubic

meters per meter of shore per year). Thus, within the overall survey area,
there was a volumetric balance between erosion on the inner part f the beach
and deposition offshore. This balance suggests that future profile adjust-
ments to different changes in water level may be predicted by a simple geo-
metric model discussed in the next section. This situation will not exist on

many open ocean coasts where eroded beach sands are transported landward by
overwash or wind, or are carried into inlets and deposited on ebb or flood
tidal shoals.

IV. PREDICTION MODEL

This section presents an idealized concept of profile adjustment, dis-

cusses objections and difficulties with applying the concept, and shows how
these difficulties are minimized for the present data set. Application of the
concept uifng actual measurements is followed by generalizations and specific
guidance on applying the concept to other areas of the Great Lakes.
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I. Idealized Concept of the Sediment Balance Approach.

As described by Bruun (1962) a rise in the mean elevation of the water

surface tends to shift the equilibrium sand profile landward. As water levels

rise erosion prevails on the upper beach and the shoreline retreats. Con-

ceptually, the erosion supplies material to build the outer part of the
responding profile upward. It is assumed that the initial profile slape i,
reestablished farther inland and at a distance above its initial position
equal to the change in water level z as depicted in Figure 13. Thus, the
ultimate retreat of the profile x can be calculated given the dimensions of
the responding profiles, X and Z, and a measure of the stability of the

shore-eroded material in the outer zone, RA.

Sx(R A)sg (z-)
x = .(1)

Z

where sg (z) = I if z > 0 (i.e., water rising), or sg (z) = I if z < U (i.e.,
water falling.

~Initial Water Surface

0. Equilibrium Profile

Final

b. Increase of Water ---------- Water Surfaces

Level and Profile
Elevations

I i

I - -_1

C. Recession of 11
Profile

E*d0d

d. Net ResultsXz Deposied
Z Closure Depthi

Figure 13. Schematized view of profile adjustment
as two rigid translations.
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One method of estimating tile proportion of shore-eroded material that will
be lost is to use the textural characteristics of the active beach as a guide.
if the newly eroded deposits have a size distribution identical to that of the
sediment in the active zone prior to the water level change, then only insig-
nificant amounts will be lost through selective transport processes and
RA - 1. If a part of tile eroded material is finer than the overlying native

beach it may be carried far offshore in suspension where it does not contrib-
ute to the building of a new profile. In which case RA > I and additional

shore erosion must compensate for the loss. Thus, the situation is similar to

the problem of calculating the overfill ratio for a beach nourishment pro-
ject. Hobson (1977) explains how to compute RA to evaluate the suitability

of borrow material. The same procedures apply here except the "borrow mate-
rial" characteristics must be based on a composite sample of the eroding
section of the shore, i.e., the upper beach in the case of increases in lake
level since it is supplying sediment to tile lower part of the adjusting pro-
file. If the water level declines the lower part of the responding profile is
eroded to supply material to prograde the upper profile. In this case the
"native material" characteristics must be based on a composite sample of the

lower profile (i.e., the zone of offshore erosion). In either case the native
material characteristics must be based on a composite sample of the entire
responding profile from the limit of wave uprush to the point of profile

closure.

If the engineer concludes, without specific textural data, that all of the

shore-eroded material will remain in the zone of profile adjustment, then
RA = 1. If the engineer estimates by other methods that only P percent of

the eroded sediment will remain in the active zone then RA = IO0/P.

Equation (I) with RA = I was applied to sea level rise on Florida beaches

by Bruun (1962), and in this context is often referred to now as Bruun's rule.
It is not so much a rule in any formed sense, as it is a statement of a fairly

simple concept based on assumptions which had been used by many early coastal
geomorphologists. However, explicit applications of the concept prior to
Bruun (1962) are unknown. Although references to the concept are frequent, it

is still rarely used for predictive purposes.

2. Difficulties in Applying the Sediment Balance Approach.

Given the long-term effect of rising sea levels throughout most of the
Northern Hemisphere, it may be wondered why the sediment balance approach

(Bruun's rule) has not been more widely applied. The following difficulties

have been encountered with this approach:

(a) Skepticism as to the adequac'y of an equilibrium model for
explaining short-term dynamic changes;

(b) difficulty in determining RA or the percentaqe of sediment
lost from the active zone;

(c) problems of establishing a realistic closure depth below
which water level changes have no effect on profile stability;
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(d) confusion arising from a typographic error, in one of .the

equations defining profile retreat (Bruun, 1962); and

(e) the perplexity caused by a discontinuity in the profile at
the closure depth which appeared in the original and all subsequent
diagramatic sketches illustrating the concept.

The first three difficulties (a, b, and c) warrant serious consideration
before applying equation (1); items (d) and (e), although perhaps confusing,
should in no way discourage or limit use of equation (1). The following
paragraphs address each of these difficulties in reverse order.

a. Discontinuity in the Profile (item e). Previous diagrams illustrate
the adjustment of a profile to higher water levels by literally disconnecting
the responding part of the bottom from the static region offshore. The appar-
ent profile discontinuity, at the juncture between the static and responding
regions, has some didactic value in diagrams to the extent it emphasizes tile
congruency between initial and final profile shapes in the active region.
Unfortunately, it also creates tile impression that the model is inadequate for
explaining the transition between the active and static parts of the profile.
The discontinuity is not, however, an inherent part of the concept but rather
an artifice of the diagrams. Rigidly translating a profile upward and shore-
ward does not necessarily lead to a discontinuity nor even a change in slope
as is demonstrated later in this report.

b. Error in an Equation (Item d). Bruun's equation (a) (Bruun, 1962, p.
124) is dimensionally incorrect as published. This error may have discouraged
some readers from giving bruun's concept their full consideration. The prob-
lem equation is, however, unnecessary to the development of this concept
(correctly expressed in eq. lb of Bruun, 1962). The validity of the Bruun
concept and of equation (1) in the present report is demonstrated geometri-
cally in Figure 13.

Figure 13(a) depicts a nearshore profile in quasi-equilibrium with wave
and wave-related forces. Note the closure depth below which the bottom
presumably does not adjust to surface wave and current conditions. To esti-
mate the ultimate shore retreat, the adjustment of the active profile is then
depicted as two rigid profile translations.

The first translation moves the active profile (i.e., the profile between
the closure depth and the point of highest wave attack) up an amount, z, and
reestablishes the equilibrium depths below the elevated water surface (Fig.
13,b). This step requires a volume of sediment proportional to tile product
of X (the width of the active zone) times z (change in water level); the
volume is made available by the second translation which is recession of the
profile (Fig. 13,c). Figure 13(c) shows that x units of recession provide a
volume of sediment proportional to the product of x times Z (the vertical
extent of the active profile from the critical depth up to the average eleva-
tion of the highest erosion on the backshore). Equating the volumes produced
and required per unit length of shoreline by these two translations (eq. 2)
produces equation (1).
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If
xZ zX

then (2)
zX

Z

In reality, both translations occur simultaneously with the result that
the closure point actually migrates upslope as the water level rises. Shift-
ing the closure point upward and shoreward will affect the outcome of volumet-
ric calculations, and there are at least two ways to account for this small
defect in the geometric justification just given for equation (1).

First, a closure depth midway between the original and final depths could
be used with equation (I) to improve the accuracy of the calculation. The
horizontal translation of the profile would then imply a slight irregularity
or "step" where the new and old profile shapes meet. The step would consist
of a wedge of surplus sediment above the closure uepth and an equal volume
deficiency below; therefore, a local exchange of sediment is easily imagined
which would eliminate the step and completely reestablish the identical smooth
profile shape without affecting the overall sediment balance expressed in
equation (I). This method of accounting for the migration of the closure
depth is easy to visualize and consistent with the geometric derivation given
for the predictive equation.

Second, a more formal development of the sediment balance would have
integrated between profiles, allowing the closure point to move in infinites-
imal -teps with the water surface. This approach also eliminates the step
problem and results in the more precise relationship:

Z
x = X Zn -

Z - z

Neither method of adjusting equation (1) (by measuring the critical depth

from an intermediate water level elevation or using eq. 3) is generally neces-
sary because the change in water level, z, is usually so small relative to
the total height, Z, that all three methods provide essentially the same
results. For example, if z < O.IZ all results agree within less than 1
percent.

Thus, the simple expression, x - zX/Z, is not only valuable as a close
approximation, but also most useful because it is easily (a) recalled by
visualizing the adjustment of two rigid translations, (b) explained in the
same manner, and (c) used as a quick mental check on the ultimate retreat
expected for various values of the independent variables.

c. A Realistic Closure Depth (Item c). Determining a realistic closure
depth is usually extremely difficult. The most direct ap, ,ach is to compare
historic bathymetric surveys of the site in question. Unfortunately, adequate
survey data of this type are rare. Neither pier nor stadia surveys exten4
deep enough, and if a hydrographic survey does extend to deep water, allow-
ances must be made for the fact that both sounding errors and boat-positioning
errors usually increase significantly with depth and with distance from shore.
It is thus often impossible to substantiate apparent offshore changes. On tht
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the c laim wi 11 he more reasonab le the longer the time it t rim) th stLidy . he

sp.it ial extent of the study is alIso important. ' 1%allv, th,' lo ger the.
stretch of shore, the more likely that longshore variations Wi ll ol') ,aver'age
out, thereby, providing an overall equilihrimm.

This discussion has shown that tile brun concept is theoret aict 'v sound
but difticult to apply in the tield. The next subsec ti on exam ines how )I!
the difticulties discussed above ire avoided ii the Lake 'ichiAan dta.

1. Sui tability of Present Data tor Testing the Sedi meit 1i Li rice Ll 11t

'he ways that previously discussed difficulties (items iti, e) 1 te Cot Lik"
Michigan data ire out lined here, be fore an actual applicat ion ot the d.ita i!1
the next subsect ion. Diff iculties (d) and (e) should not Iimi t ippl icatitm ot
the model to any data set for reasons discused In the last subsect ionl.

Establishing a realistic c losure depth (it em c) de pe nds )i accur ite
repetitive profiling. Profile errors increase with distance t ron shore.
Fortunately, the bottom drops oft to sui table depths r- lat i ve ly rpi d lY i:l the
present study area. Furthermore, the (;reat Lakes are tree rom tidal vtria-
tions as well as from long-period swell. The Great Lakes are notorious tor

their large storm surges and seiches; however, based on extensive water levc l
measurements in 1969, it was conc hided Lhat these distiurbauices ire not .
signifi ,nt problem in the present study. By choosing the right t ime ot 'yvear
and surveying only when conditions are calm, it is possible to avoid dLitom ind
bottom ambiguities. Note the absence of confusing wave iterfereIcC on the
raw fathogram in Figure 14.

The difficulty of determining sediment losses (item b) on the Great Lakes
is greatly simplified by the absence of submarine canyons, hurr icanes, ind
overwash events. Fluvial sediment input is also no problem because all rivers
entering eastern Lake Michigan flow through deep inland sediment traps.
Dredging at Pentwater Cbannel is welt documented. On the average, bU,IJU)
cubic meters is removed annually, and some of this is returned to adjacent
beaches. Inlet losses have only a small effect on the overall sediment budg'et
for the broad study area. Thus, in the present application Q (eq. 4) will
have a negligible effect.

The only process supplying new sediment to the act ive prof i He is shore
recession. Furthermore, shore deposits and backshore bluffs within the study
area contain less than 1 percent silt, making it unnecessary to correct for
any unstable fine fraction (i.e., RA 

= 1; eq. 1). Thus, a number ot site-
specific attributes simplify sediment balance for the study arei.
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Tile dependence ot the model on equilibrium assumptions (it en .i) ilmkes it
difficult to get convincing field o irr'2,t'" because waves, correLnts, .ini
conditions of sediment supply never remain constant for long. tIi t. it.r
hand, because it is an equilibrium model the potential t or iT, I *s ,', - I > ,
broadened. Tile model can even apply to situations where storms )r man i
inf luence upset equilibrium, The predicted retreat il such case would
indicate the adjustment required by just the chdnge in water levw. vi Ict t
due to other changes would have to 3e superimposed it signi I icant . ThuS, f.lit
tile concept is confirmed, equilibrium tends to make appi icationl ias iCr.

The model itself provides no indication of the time period required lt,r
tile beach to return to equilibrium. Errors in misjudging equilibrium, ind
failing to account for the lag between cause and ettect, are all tooI easy t,,
make if the data cover only a small reach of shore or a short period ot time.
The length of time and tile number of profiles studied here are thought to be
sufficient to avoid this problem.

4. Application of the Sediment Balance Approach.

a. Longshore Contributions. Wave data suitable tor predicti, u, l(,I -
shore transport rates are not available in the study area. Various indica-
tions of the direction of transport are compiled in Figure I). i.vidcllL' Irom,
coastal geomorphology (Hands, 1970), from longshore change-, in grain size
(Saylor and Hands, 1970), from the pattern of channel shoaling (Hands, 197h a),
and from data hindcast for extreme storms (Resio and Vincent, 197bc) suggests
that the direction of longshore transport in the vicinity ot Pentwater fiarhor
is predominantly southward, but subject to frequent reversals; extrapolation
from Saville's (1953) hindcast data suggests a northward transport. Littoral
Environment Observation (LEO) data from Mears State Park were inconclusive--
too short a record and subject to the effects of a large eddy and rutlected
waves from the Pentwater jetties. Near profile station 17, the extreme storm
data and the usual deflection of Silver Lake Creek crossing the beach suggest
that the direction of transport changes to northward on the south side u
Little Sable Point. Beyond the southern limit of the study area, storm data
from White Lake and Muskegon suggest a close balance between northward and
southward flows in that region. South of Grand Haven the geomorphology and
storm data indicate net southward transport for tile remainder ot th eastern
shore. Therefore, there is a consistent pattern ol drift moving taward Little
Sable Point from the north (Summit Park) and from the south (White Lake) (Fig.
15).

Long-term convergence of drift toward the Silver Like dunes would he
consistent with the evolution of Little Sable Point from a shallow embayment
several thousand years ago when water levels were 7 meters above modern levels
(Hough, 1958) to the dune-covered coastal promontory of today.

The areas from Ludington to Summit Park and from White Like to Muskegon
appear to be natural boundary zones of lon>shore divergence (Fig. 15). In
addition to these natural boundaries, the jetties at Ludington and at the
pumped storage facility 4 kilometers farther south (Fig. 10) are also obsta-
cles to sediment input from the north. Tile jetties and entrance channel at
White Lake likewise reinforce the natural southern boundary. Present-day
processes, storm patterns, and engineering projects thus limit the possible
sources of drift converging toward the Silver Lake dunes to those beaches and
bluffs primarily within the present study area (see Fig. 4).
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Summit Park Pentwater

Figure lb. Pumped storage facility south of Ludington. Tile Shrure South
of Ludington is a zone of general longshiore divergence. 1he
jetties built at thle pumped storage facility in 1971 furthier
restrict longshore transport in this area of divergence and
thus establish at specific nortihern limit tor sources of sand
to thle present study area.

The assumption that there is no signit icant longshore input or losses
beyond the present study limits is reasonable, especially conisidering, tile
minor impact any imbalance would have onl the 5U-kilometer stretch of shore
during this per iod of rapid shore ers1f. For examplec, a net int Low ot

100, 000 cubic meters per year (ain improbably lairge tfigure ) would be vo)lo-

met rica ly equiva lent to recess ion of only 0.2 mneter per year, (10~ i/yr ) /
x 101 in l o I-,) , wh le t the o bse rved s ho re reces CCoSSi l'Ac t ua I averaige.

-*5 meters per year.* SO thle rWi iu conce1ivable longs ho re input is, Slma I I
relative to thle enormous exchange of sedimrent onshore ind ot tshore durin6g this.
period of rapid profile adjustment.

b. -A Possible Inland Loss. A possible inland loss onl Li~tl le Poinlt
ComplIicates the otherwise s imple sediment ha lance. for t his airca.* Thet. S i I ye r
1Like dunes Occupy about 6 kiLometers of shorelIine between prot iI tat Liionls 1 3
and 17 and exKtend inure than a ki1 U 'mter 1 n land ( Fig. 9) . Thesec activyei v

migrating dunies reach heighits ot 35 me-ters ilonig the inland halt of the durItc
field (Fig. 17). Along the shoreline, the dune ridges &rest aboutL / flivfCrs
abhove lake level ( Fig. 18) and some ponded i nt' rdnt ie rua, i rv at tpp roxi -

matelv the sine level ats Lake, Nichigall (177 motcrs, lu1ternat jonal tr,it Lakes
D~at tim ) . For nin hundreds, of years this dune, tit Ic d has been ted by the -oil-
ye rgence ot I ongshore t ransport t ow,i rd Little Sable Pu if ftrom both the- nor ti
and sotth, and by the in land t ranmspor t ot soand bY pire va ilinrg West winrds. TttciL

duine shore line receded non', thanl any ot t-he adjo1 iiig beachtis dou ring thti st tidly
period (Fig. 19). The vastnless of the ihrine f ield, tile t tect it I- to -2I-itetr
wave-tirt blutffs whicht Inarked much oh the Iloil shore I i II, anid thle virtua~l
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ligure Ii. Silver Lake dunes, looking from Lake Nicihigan across
the dunes to ilver Lake. Spit extension probably
sealed off the two bodies of water soon alter the
Nipissing high lake levels which, accordin; to IIough
(195b), would have been about 3,UUU years ecture

Present (B.P.). Gontinued longshore transport and
prevailing west winds built the dune field along tie

tront 4)t this low receptive embavment.

absence of an exposed beach across which the wind could blow make it difficult
to estimate the volume of sand actually transferred inland during the recent
period of high water. It is assumed that inland losses to the Silver Lake
dunes between 1969 and 1976 exceeded the gain of sediment supplied to the

adjusting profile from the dunes by only a small amount which can be neglec' J
in the calculation of an overall sediment balance for the larger stud' area.

c. Measured and Predicted Shore Retreat. Because the initial 1907 survey
covered only a small area in the vicinity of Pentwater Harbor, an area subject

to less recession than the surrounding "undisturbed" beaches (lands, 1979),

testing of the sediment balance approach was best done by using the 1969-70
survey data and excluding measurements made within 500 meters of the Pentwater
jetties. The extent of shore covered (25 profiles spread over 50 kilometers)

and the length of time monitored (7 years), together with the sizable increasc
in mean water level during the study period and the generally near-ideal -on-
ditions discussed previously, make this application the most realistic field

test of equilibrium profile migration to date.

Measurements of the width of each profile from the vegetated dinme line to
the pinch-out depth for each station were taken and averaged to oht ain \ = 923
meters. The heights of the scarps which waves had cut in thet orediine wer,
also measured at each station. As the profiles had not vet d,vloped a
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Station No.
29 7 24 2f 19 16 13 12 8 6 4 2

20 1 1 1 1 1 1 " 1 1 1 r I I I I I I I
2826 23 20 17 .4 10 9 7 5 3 1
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• 1969 ShorelineCo 0

0
0-- Silve Lak9 Shel

- 4
0J 0

-300.0 -

40 30 20 0 5 1 0 1 5 10

Distance Measured Alongshore in a Northerly Direction
from the Pentwater Channel ( km )

Figure 19. Longshore variation in net shore retreat frovm
I 1969 to 1976.

significant scarp in 1969, thI e average dunle height for L he ;per iod otf
adjustment was approximately one -ha 1f the average sc arp height ill 1976.
Average dune height added to the average pinich-out depth taken from Figure I I
established the vertical dimension of the adjusting profile (the Z in eq. I T

and Fig. 13). The resulting average valuie of Z was 13.6 meters. Under the
discussed assumption of regional sediment balance, the ratio X /Z timecs the
measured water level change (z = 0.20 meter) equals the ultimate shore retreat
(-13.6 meters). The retreat actually measured between 1969 and 1970 also
averaged -13.6 meters. Considering the measurement and sampling errors in-
volved in determining each independent variable a predictive capabitity ot
less than a tenth of a meter certainly is not claimed, but the results clearly
confirm the appropriateness of the equitibrium-sediment balanice approach whenl
applied in the proper setting.

As noted previously, pinch-out depths are deeper south of Little Saible
Point than to the north. The eroding duties are also hligher there, which even
further enlarges the vertical dimension of profile adjustment south ol Little
Sable Point. Consequently, the equilibriumn prediction might be applied sepai-
rately to the two regions. Likewise, because additional surveys were con-
ducted in 1971 and 1975, separate predictions could he apptied Lo thiese
shorter time intervals (1969 to 1971 and 1969 to 1975) as wvlo. Thus, 1par-
titioning the original data provides nine individua l, though not inldupendellt
tests (Table 2). The greater pinch-out depth south of Little SablLc P'oi )t
increases both the width, X, and height, Z , e'stimates ill -1 (01Ic IIpen t ill:
fashion so that there is little effect onl the predicted outcomes. l'hL' V,,11L"
predicted for north of Little Sable Point are essentialty the s"ame 'i." r
dicted for south of Little Sable Point for cacti of the three' tiillk' j)LriM&,
(Fig. 20). Considering prediction versuis measurement, the predicteLd retreatl
from 1969 to 1971 was too high for all three areas (117 percent ti, t lr tl ,
area as a whole ). The prediction for 1969 to 1975 was ilso hihta not ,i,

far off as before (45 percent high for the whole airea). Th'ese,,\Lrtia i,

0t
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Table 2. Predicted and observed profile retreat.

Survey periods

Study area 1969-1971 1969-1975 1969-1976
X = 0.12 m x - 0.39 m x - 0.20 m

X - 870 m X = 1,020 m X - 923 m

Average height, Z (m)

Northern section 10.84 12.15 12.50
(stations 1 to 15)

Southern section 12.90 14.28 14.80
(stations 16 to 29)

Whole area 11.86 13.21 13.60
(stations I to 29)

Predicted retreat, Xz/Z (m)
Northern secton 9.63 27.93 13.92
Southern section 9.49 27.86 13.78
Whole area 9.34 27.25 13.57

Observed retreat x (m)

Northern section 4.6 20.0 12.6
Southern section 3.b 16.8 14.8
Whole area 4.3 18.8 13.6

Overprediction (pct)
Northern section 109 40 10
Southern section 164 56 7
Whole area 117 45 0

3Or-

.. .... S on -29
I -- -- --29

E 20 -

Retreeat

0 -

Figure 20. CCculated versus measured retreat. The predicted ultimate retreat, in

response to post-1969 changes in mean lake level, exceeded the observed
retreat by more than 100 percent in 1971 and about 50 percent in 1975,
presumably because the active profile had not had time to completely read-
just to the higher water levels. Almost perfect agreement had developed by
the time of the last survey, 3 years after the lake levels peaked.
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of retreat are attributed to the fact that profile retreat was actually lag-
ging behind the lake level rise. As hypothesized earlier (Hands, 1976a),
rising water levels establish a potential for erosion and realization of that
potential requires sediment redistribution, i.e., work which dpends on the
energy being available. The convergence of measured and predicted retreat in
both regions, 3 years after annual lake levels had stabilized, suggests that
several storm seasons may be required to readjust the profile to changes in
mean water level of several tenths of a meter.

According to the model, which works well here, the problem of predicting
the effect of lake level changes is equivalent to the problem of identifying
the pinch-out depth. The remarkable confirmation of theory and data in the
present case highlights the need to generalize a method applicable to similar
regional, long-term settings but where wave energies and therefore pinch-out
depths might be significantly different.

5. Using Wave Climate to Estimate the Pinch-Out Depth.

In the model, the closure depth is the point below which the bottom does
not adjust to changes in water surface elevation. In the field, this point
was approximated by averaging the upper bounds of the region of negligible
profile change in repetitive surveys (pinch-out depths). The closure depth,
thus established, is not necessarily appropriate for other areas of the Great
Lakes. The depth of profile closure should vary regionally with the wave
climate. Unfortunately, the repetitive profile record is usually not suffi-
cient to establish this parameter.

In these cases, knowledge of the wave climate is useful. Wave gage data
obtained during profile survey periods are too short to be indicative of the
important long-term conditions in the study area; however, wave climate data
are available from other sources including hindcast studies (Saville, 1953;
Resio and Vincent, 19 7 6a, 1976b, 19 7 6 c, 1977, 1978), shipboard observations
(Pore, et al., 1971; National Oceanic and Atmospheric Administration, 1975),
U.S. Coast Guard reports (Liu and Housley, 1969), and the LEO program (Weggel,
1979). Considering site specificity, long-term coverage, and the availability
of comparable data for the entire U.S. shoreline of the Great Lakes, Resio and
Vincent's reports were chosen as the basic reference for extrapolating profile
response from the present study area to those with significantly different
wave environments. Their wave climate parameters were generated by a
numerical hindcast model using wind data from the extreme storms recorded over
a 30-year period. The parameters thus describe only the deepwater storm
conditions. Because the maximum depth of profile response depends on the
higher waves and because only a consistent, relative measure of spatial wave
variability is needed, the milder waves though importint in profile
development need not be considered here. It is reasonable to assume that the
maximum depth of intense bottom agitation depends on at least the wave period
and the shoaled and refracted wave height, but Hallermeier (1977) found that
the maximum depth in a number of actual design wave conditions was essentially
proportional to deepwater wave height alone.

The wave height data necessary to estimate the pinch-out depth for any
Great Lakes site are given in Appendix C. The average pinch-out depth
established within the present study area is 2.1 times the average 5-year
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return-period wave height for the area. In the absence of direct profile
change measurements, the pinch-out depth for other regions is thus estimated
as:

d - 2. 1 h5  (5)

where h 5  is the 5-year return-period height given in Appendix C.

The accuracy of this approach is not known. For an idea of how sensitive

the prediction of profile response is to errors in estimated closure, assume
that this study is restricted to the area north of Little Sable Point (sta-
tions I to 15, Fig. 9). North of the point, the pinch-out depth (from direct
measurements) averages 10 meters. With no repetitive profiles south of the
point the estimate would be that pinch-out occurs at 1.96 h5. The 1.96 would

be a less reliable estimate ot the coefficient in equation (5). The average

h 5  south of Little Sable Point was 5.39 meters (Michigan stations 15 and 16,

see App. C), so the estimated closure depth would have been 10.56 meters which

is 1.43 meters or 12 percent too small (Table 3). Adding this value to the
mean dune height, D, south of Little Sable Point produces a new estimate
of Z; the distance of the 10.56-meter contour from shore produces a new

estimate of X (Table 3). Using these new values, the estimated response to
a 0.2-meter increase in lake level would be 13.9 meters which is only 1

percent over the value obtained from actual measurements south of the point.
This exercise illustrates the self-compensating tendency which errors in the

pinch-out depth have on equation (1). The depth estimate was 12 percent too
small when the procedure was applied to data different from those used to
estimate the coefficient k in d = kh 5 . The effect, however, was to

introduce less than 1 percent error in the predicted shore retreat.

Table 3. Cross-validation indicates the effect of estimating pinch-out depth from wave climate
data. Calculated estimates (hatted) are compared to measured values (nonhatted).

zX - zX
h 5  k d d - 1.96 h 5  Z Z - d + D X X - f(d) x y - x -

Whole area 5.3 2.1 11 ----.---- -

(stations 1 to 29)

Northern section 5.1 1.96 10 .......
(stations I to 15)1

Southern section 5.4 --- 12 10.56 14.8 13.36 1,020 928 13.78 13.89
(stations 16 to 29)2

Error 12% ---- 10% 9 - 01%
1Used for an independent determination of k.
2Used for error check by comparison with estimates based on data from the northern section only.

To be realistically applied, the model should have input from many
profiles spaced along a section of coast; as a consequence, there is little
point in partitioning the present data set any further. The cross validation
shown above does not reflect all the drawbacks of estimating the pinch-out
depth from wave climate because, using adjacent sections of coast, it does not
introduce the full range of bathymetric variability nor the range of wave
environments within the lakes. How well wave climate estimates from widely
different environments will perform remains uncertain. However, the prospects

seem good and alternatives nonexistent. The model should be applied cau-
tiously, and wherever there is any indication of how well or poorly it worked,
the results should be reported.
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6. Inferences from ProfiLe Shape Alone.

a. Preliminary Check. Prior to any detailed evaluation of the variables

required as input to the model, a preliminary examination of the profile shape

near the presumed closure depth, d, will indicate how reliable these evalua-
tions need to be. If the profile shape changes abruptly near this depth, then
the choice of d may strongly affect the resulting prediction, depending on
whether the exact value chosen is above or below the break in slope (see Fig.
21,a). If, however, the bottom is planar and sloping at the right angle, the

ratio of Z/X and therefore the predicted retreat will be unaffected by vari-
ations in d over a wide range. In such cases the exact value of d used to

evaluate equation (2) will be unimportant (Fig. 21,b).

a. UNMATCHED SLOPES ao >> a,
So Z ', ZL,

and the choice between d. and dzis critical
Sp 

d 

n- " >> 

X 

-u 

d.d, dO ContempSPted

d 
pinch 

-out 
depths

a,

b. UNIFORM SLOPE o, = ac

So -of r re 2il, lem oe rsetrent"' ,X. X, X, X,
I and exact choice of d is of no cor. sequence
I Iif d,<d < d,

I I , ]' ', Contmpluted

Figure 21. Importance of offshore slope. In case a the prediction
of retreat Will be much more sensitive to the correct

selection of a pinch-out depth than in case b.

b. Is the Prediction Conservative? The evaluation of d on the basis of
wave data may result in an estimate of closure which the engineer feels is

either too low or too high. Yet he may have no specific evidence on which to

base another choice. The engineer should determine if the suspected error
strengthens or weakens arguments based on the sediment balance model. Exam-
ination of profile shape resolves the possibilities as shown in Figure 22.
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WA.l glS]'r Predicted losses will be too lrge if the estiat d
closere depth IS too large.

SPredlcted go.ihs .;I! t, too seo1l if the tifftld~t
, los r. epth s too saall.

dATR ALIL|G Predicted golr's will be too large If the estimatet
X - closure deptf Is too erge.

tp
EXTENSION OF
THE LINE

d Ind d2

OVERSHOOTS DUNES 1 Predi ted losses will be too ldge if the estlmated
le. with cbls re depth ib too small.

ATE UPredicted losses .1l1 be too 1eaue It the eStimated
closure depth Is too iarge.

Pred~ctedogdaflb .1!1 be too large if the estimated
WA~o o~sGcl S e4r* I dpit too $.a1l.

____ ___ __d.I Predicted gains will be too smial if the estimated
2"I Li 2 losure depth is too large.

Figure 22. Diagram for determining if a suspected error weakens or
strengthens arguments based on the sediment balance prediction.

If a line connecting two comtemplated closure depths extends below the average
height of the dunes throughout the section of shore under study, then over-
estimating the closure depth causes equation (1) to overpredict the response;
underestimating the closure causes equation (1) to underpredict the response.
But, if the line extends above the dune height, then overestimating the
closure underpredicts response and underestimating the closure overpredicts
response. If the extended line intersects the dune crest, the prediction
remains unaffected by the error in d. These relationsips will apply
regardless of whether the predicted response is a retreat or an advance of the
shore.

c. Ideal Long-Term Development. The longshore variability in slope near
a depth of d is another item to check. If all profiles have the same off-
shore slope, a, and if it is assumed that long-term recession unearthed
deposits similar to the modern substrate and the wave climate has been sta-
tionary, then tan a = Z/X; i.e., a is not only the actual bottom slope, but
also Hick's (1972) effective angle of shore response. Profile migration in
response to rising water levels under these conditions would ideally leave a
slope below its trailing edge which could serve as a clue to past recession.
If the shore formerly supplied a greater volume of littoral material per unit
of recession (because dunes or bluffs were higher or contained a larger per-
centage of suitable littoral material), then the slope beyond the trailing
edge would tend to be convex. An increasing supply of sand would tend to
produce a concave slope as erosion provides more and more sediment for each
unit of recession.
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To simplify profile representation, many engineers fit a smooth curve to
their data. Several possible physical mechanisms that would give rise t)
equilibrium profiles of the power-curve type have been described (e.g., Bruun,
1964; Dean 1977). Other forms that sometimes fit profile data (e.g., log-
arithmic, parabolic, etc.) are, like the power curve, everywhere concave
upward. There is a problem inherent in the use of such curves to represent
profile response to changes in water level; e.g., Bruun (1964) found that the
expression for offshore deposition, based on his adopted power curve, indi-
cated an unrealistic thickening of the deposit offshore. Figure 23 and the
following paragraph show why this and similar problems occur when a curve
which is everywhere concave upward is adjusted according to equation (1).

Figure 23. Limitations of analytical models with profiles everywhere concave up. Tangents
will have only one point of intersection. On the other hand, the idea of ex-
posing a trailing edge implies that the offshore slope equals Z/X, i.e., the
extension of the offshore slope must intersect the profile above the water
surface. This is impossible if the profile is everywhere concave upward.

Adjusting an equilibrium curve to higher water leaves a trailing edge off-

shore. By assumptions, the projection of this surface toward the shore must

intersect the profile again at the highest point of wave adjustment (see Fig.
21), but the tangent of any concave-upward profile will intersect it at only
one point and everywhere else will be below the curve.

If it is assumed that the offshore -lope gradually approaches Z/X near
the closure depth, then concave shapes only represent the inner part of the
active profile. Manipulating such curves to represent adjustments to higher
water levels inevitably leads to unrealistic consequences offshore.

d. Inferring Angle of Profile Adjustment from Offshore Slope. As dis-
cussed previously, a uniformly sloped trailing edge suggests steady-state con-
ditions (i.e., no significant change in wave climate, profile dimension, or
sediment type). In such cases, direct inference from slope to retreat
(X/Z - tan a) is risky because forces other than wave-induced currents may
have modified bottom slopes over the long timespan of profile recession.
Furthermore, where the retreat is small relative to total width of the
responding profile, the mean slope over this short distance is difficult to
measure precisely. Lastly, errors in estimating the critical depth would lead
to measuring the slope at the wrong place. Nevertheless, it may be useful to
consider the types of geometry implied by idealized profile adjustment, com-
pare them with actual profile shapes, examine alternate explanations for
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observed shapes, and then evaluate the results in light of all tte other
evidence and indications at hand.

In cases where the only data are hydrographic surveys (and possibly wave
climate but no data on backshore deposits) a crude first guess at the ratio of
retreat to submergence could be made directly from the slope of an apparent
trailing edge.

Uniformity of slope over a broad section of the critical depth on adjacent
profiles is striking in present study areas (Fig. 24). The fact that this
slope equals the ratio of measured retreat to lake level change (x/z) does
not necessarily follow from the observation that x/z = X/Z (shown in Table 2),
but it is an additional observation that further confirms the appropriateness
of the sediment balance approach for long-term predictions on the Great Lakes.

The regional variation of profile slopes above the pinch-out depth (Fig.
25) reflects active processes which are not uniform alongshore. Rip currents
and shoreline undulations are other expressions of such lateral variations.
The marked divergence of slopes below the critical depth reflects deeper
modern processes unrelated to surface wave action or relict processes
inherited from a much earlier period of lake evolution.

V. EXAMPLE PROBLEMS

The following problems are evaluated on the basis of limited amount of
available survey data. They provide examples of the basic steps in applying
the proposed method for profile prediction. If these predictions were
intended to support actual design or management decisions, a more careful
evaluation of conditions at the field sites would be required.

* * * * * * * * * * * * * * * EXAMPLE PROBLEM I * * * * * * * * * * * * * * *

GIVEN: A contemplated change in the regulation plan controlling the water
supply to Lake Ontario would raise the long-term surface elevatiun 0.3
meter.

FIND: What effect would the higher stages have at the eastern end of Lake
Ontario?

ANALYSIS: The barrier beaches and high dunes which characterize this stretch
of shore are of special ecological and scenic value. Being downwind from
the major storm paths across Lake Ontario these barrier beaches are exposed
to the highest storm waves on the Great Lakes, but because of relatively low
land development, few protective structures exist along this reach of the
shore. Sand extends lakeward across a series of longshore bars. There are
no known rock outcrops, and there is a close balance between southward and
northward longshore transport.

EVALUATION OF TERMS:

z = 0.3 meter Given

h5 = 6.4 meters From site lb (App. C)
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shore. Zones of deposition of the material found offshore caused tile cuoula-
tive Vo1lme measurement made along the profiles to increase toward zero. The
cumulat ive volume curve typically crossed zero and displayed high positivV
values before settling toward a constant value tar from shore. There was no
tendency for imbalances on one profile to cancel opposite imbalances onf
directly adjacent profiles. However, considering the overall region, Ollshore
losses closely matched offshore gains; there was no evidence of signi ticant

exchange beyond the surveyed area.

The general sequence of response to increased water levels i ic 11des
immediate inundation, gradual migration of tile longshore bar sequence up tile
beach slope, and increased shore recession (but at a rate dependent on storm
events). Bar migration occurs even under relatively mild wave conditions.
This tends to maTlinta in constant bar depths even white the clean water elevation
is changing. Consequently, the barred prof ie becoiaes compressed toward
shore. The erosion of stiore deposits and their redistribution lag behind the
migriLion of tile bars. Shore recession eventually reestablishes a wider
separat ton between inner bars and the waterline. In the present instance,
reversal of the take level trend occurred before all the material deposited
offshore was reshaped to reestablish relief on tile outer bar comparable to
that observed at the beginning of the study.

V I I. CONCLUAS ION AN) RECOMMENDAT IONS

Hands (1979) presented a set of shore retreat measirements -iade at the
present profile stations over various periods of water level change. The
average shore retreat for a given change in water level was approximately
proportionalI to the amount which the water level had risen over that period of
time. It wals suggested that this linear dependence be used as a guide in
,st imatitng the effects of future lake level changes, not at a single profile
stat ion but for a reasonable stretch of similar shoreline responding to a sim-
i tar submergence. ( ualitative guidelines suggested how tile estimates siouhd
be mOd it led to reftlect differences in sed ilent characteristics, Cro ;tonat
forces, and the length of time considered. Because the lake level and shore-
line fieastrements referred to changes over tile same time period, no allowance
was made for the fact that the shore was probably out -off-phase or lagging
behind the water level change. It was, however, pointed out that some lag was
inevitable and that the evidence indicated it could be on the order Of a few
years. The time required for cooplete read just menit would dupeiid on the cnergy
available for sediment redistribution.

A more comprelhensive aethod of estimating profile response to high water
is developed here us ing hydrographic survey data to eXtend the same beach pro-
files to depths of more than 12 meters. A simple sediment hai,nce equation
predicts the amount of retreat ulti;ltely necessary to ree-t;ablish in eq uilib-
rium profile. Rema rkable agreement was found between theC te st I ted 1Lti ia t e
retreat and that which actually accrued 3 years alter lake levels stibi Ii zed.
Realistically, the equilibrium model also overpredicted shore retreat fOr tue
shorter periods of sustained lake level rise before stahili ;iation.

Tile choice of whether to adopt a linear relitionship bcteel rt,treAt aid
submerg.ence, making the qualitative adjustmelts as discussed ill hands (1979),
,r to apply tie sediment ba ln ce approach presenited here wi l l depetld )I te
timespan of interest, tile amount of site-specific data ,ivai lable, liud tile
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simi Lirity between test and problem conditions. Initial consideration of both

estimates may be useful for placing high and low bounds on the expected re-
sponse. Of the two, the equilibrium approach is more objective and flexible
as it takes site-specific characteristics directly into account.

Both approaches must be qualified, however, for the possible exposure of
nonsandy substrates, for the possibility of local intervention halting erosion
and changing longshore balances, and for the conditions that existed before

the period of application.

Results reported here are promising. However, the contrast between the
extreme simplicity of the model and the intractable complexities of actual

beach and nearshore processes emphasizes the need for careful application and
further evaluation of these methods. Careful application during future lake

Level cycles should provide a clear indication of weaknesses and usefulness of
these methods. If further research is then deemed necessary, tle section of
shore studied here would serve as a good test site, for reasons discussed in
the text and because of the available past record. If such a study is neces-
sary, plans should be made to extend the study over at least a full cycle of
rising and falling lake levels with biennial surveys. The full longshore unit
should be covered from the Ludington pumped storage facility to the White Lake

jetties. The positions of station monuments used in the past studies are well
documented and can be reoccupied, but supplementary profiles should be estab-
lished between these sites because of the large variation in shore response

observed between adjacent stations.

Because of the required profile length, boat positioning is critical.
Methods other than the usual siting on surveyed range markers are necessary.
The time of year for surveying is also important. A change in water tem-

perature from 240 to 130 Celsius within 2 hours was noted during sounding

operations in this study. Extreme temperature changes can affect the repro-
ducibility of soundings. in the spring, as waters warm, a sharp temperature
and acoustic gradient develops near the shore. Significantly cooler water is
sometimes trapped in a series of pools between the longshore bars.

Even in late summer, when the thermocline is typically near 15 meters, a

change in wind direction can quickly flush the nearshore zone of warm water
and replenish a series of longshore pools with cold bottom water. Calibration

of the sounding instrument with a reflector suspended over the side of the
boat (a bar-check) should be done from the surface to the maximum profile
depth, and in a water column essentially like that at the profile site.
Variations which cannot be eliminated by field adjustments can be corrected
during data reduction stages if careful notes are kept of bar-check results.

A good evaluation of the simple profile response nmodel presented here
should be relatively easy after tile lakes have undergone another long-tera

cycle. However, obtaining the field data to significantly improve tile situ;-

tion would be a more difficult and expensive undertaking.
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APPENDIX C

VARIATIONS IN EXPOSIRE TO STORM WAVFS AT THF rRFAT LA'(PS

This appendix presents location maps (Figs. r-l to C-5) and wave height
measurements (Tahles C-1 to C-5) for the Great Lakes stiidv sites. Heights
along the fence shown below are related to the energy of storm waves obtained
from a numeric hindcast model by Resto and Vincent (1976a, 1976h, 1976 c, 1977,
t979).
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Tahle C-1. Wave heights (in meters) at Lake Stunerior studv sites.

SITE 1,0FCAT I ON L.AI 1 Il 'II L.ON; It tl- h5

1 P1(AION IAt, MN 147.9, 8 49, 1 5,3
2 GRANr PO RIhF , MN 4 7. ( C Sy. 63 13
3 f i gwtlllh I, N1if, MN 47 . fl 89.901 Sf,'V
4 lk ll.F. R [vI !.,, MN Ll . [1( 9) . OH 5 9
to G ONI I /iI4 , 47. l-6 90-111 5 .9
6 POPLAI PIVI R, MN 4 ?./ 6l 90 .9 5.9
7 AWI.11 0 'F ', , MN 47. . l' 90.41111 6.-
8 TA()NII +  

1 h1,1,1I0i , MN 4/50 .-' 90. 9I 6.0
9 PAP I I 'M P' (VI IP, N 4-.34 ,4 91 ]1 6. I

to L ATILE I,. I,.'PIR-, Mt4 47. '0 91. 32 6.0
11 I AIt I'AI MN 47. (if 91 .5, !. , i
12 KNIFF R[Vl R, MN 46.90 91.7 5.;
33 111.1l.0 , MN 46 ./',, 91 .,: t. 8
14 11IIl 1'iNT , W 1 46. 75 9 1 . 7 "  4 , 4
15 ]IN IRIVI F, Li 46.90 91 .1 3.9
16 CIANlI lkyI RIVI 4., WI 46. 91 91 30 4.,
17 S~f I CK1111 I , tJ 47.06 91 09 3,. f i

18 PIINT If rtII , u[ 47.07 90.,BiI 4.0
19 RICI Y !,.l j, 1L 47. fib 90 .e / 4 .
20 MAN I.E POINT . U[1 46.70 90.' 11' 4 .6
21 SAXON IhwI:llp , w I 46. e,4 90 . 4'. 3.9
22 MONTRI-.L I V KI, M1 46. 64 90. 2 1,.2
23 P1.1 SOM;uJr ilu R, M] 46. 10 90.01f 4. 1
24 PORI:IIP{NI- mlliet I ', mi 46.94 89.H1 4.9
25 PI I PI'II NI M IIII.IN-, 1l 46.94 89.61 " . 0
26 ONTlNAI;i'J. MI 6 .94 89.40 5,3
27 F DIkfCI N H11.1" 1-0 NT, T I u7. 09 89.19 ).2
28 ELM REVI R. Ml 47.11 88.98 5.4
29 WF IIIl I , MI 47. 24 BF.77 5.3
30 CAIIIMLT, fl 47. 38 8 R. 5
31 F Ahl.1 1 419 I', MI 47. ',3 880. 3 4 4.9
32 vAwi.E 1AI'i.lk, Mr 47.53 88, 4. 4 7
33 'OiPPfI I1 l, h'oow,, M 47 .b3 E87.91 4 .,
34 SCHI.Ar1F I F, mE 47.53 87.70 4.3
35 MINI11 11 1I 6t-.ili, Mi 47.38 874.9 5.4
36 KEUVl N,'U INII Nf, M1 47-4H 87.70 5 .5
37 IDI N IIO i A , m1 4 7.2'4 87.91 5.4
38 TPAVFR';I- PIIINI, M[ 47.09 88.1'1 5.-;
39 Pf (JIAMNI,, MIl 46. 9, Re.3S 4.7
40 HURON tIvf N PIJINI, MI 46. 95 87.91 4.4
41 lIt At, MI 46. 95 87. 70 4.8
42 GARI.IC P0 INT, M[ 46.81 87,.50 4.9
43 MARI4U1ll1 , MI 46. 66 87.29 5.1
44t 11FEI ION, MI 46. 6, 87. 08 ,.

45 AU TRAIN ,AY, MI 46.66 86.86 5.1
46 GRAND ISLAND, MI 46.66 86 65 5,3
47 GRAN' 1-0141;0. 'IINT, MI 46. 65 86 .4 5.4
48 AIJ SAHL.E POINT, MI 46.79 B6.23 5.5
4.9 (RAND MARAIS, MI 46.78 86.02 5.5
50 SUCKER RIVER, MI 46.78 85.80 5.5
51 [nEt, PARK, MlI 46.7n 85.60 5.6
52 LIMLE LAKE HARROR, MI 46,77 85.39 5.6
53 CRISP F-IINI, MI 46.91 85.18 5.3
5. PARADISE, MI 46.62 H4.97 3.0
55 POTNI JR(illiI'3, MI 46.46 84.75 3.9
56 GRNS CAP, MI 46.61 84.76 3.0
57 GOUL.AIS WIVIR. MI 46.76 84.75 5,5
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Table C-2. Wave heights (in meters) at Take Michigan study sites.

SITE LOVAl LON 0,A1 L [MIL. LING I I!i h5

1 1l4ItIF IN I.V-W, MI 4t .64 11,. 32 5,4

2 HAI Ii.lIW NP NIN , it 145,. 5 0 s.532 3,7

3 f 11i14 IMA N ,4444i, I( 45.'3 7 85.50 4,3

4 RwAw % f. R',E If 45.23 RS. 72 4 IL

I ,AvI. 1, ( l I y, "l 45.10 16.5i 3,7

6 MAN111111. M 44.95 SO) . 15 3.9
7 Pi.AIl I I,!,t

+ ,  MI 44.80 86,17 4.6

9 FRANKI N llItl . i 44.6 13/ ? 1S.7

9 ARl'1Ah, ml 44.5 3 P410,

10 ONJKAjA5, Mi 44.38 fi ,_A40 .3

i1 MAtNi-.1tE, M1 44.24 U6. 41

12 BIf; . AhtA'. P INT. Mi 44.09 9-6,6 t, 4.

13 LUSINIIN, h] 43,94 86.64 t.3

14 PENWAIFR. Mr 43.bg 366 .6e 5.I

15 Ii F. 1 . 1Iqi PI)INT . il 43,6) 86.66 5.4

16 :HNONA> MI 43.52 Q6,67 s. 4

17 M(IN IAiul , Ml 43.36 66,14P 5.7 "

18 MI(CKEGON, M1 43.23 86. 50 5 .7

19 (C(kANItV FI(,Vi N, MI 43.06 86,32 5.8

20 1RANOtV'. RAd'llI, I M1 42.93 86.33 5 6
21 1I40..L(ANI, Mi 42.76 86.33 5 3

22 11Lt(4lAf, Mil 42.64 86.35 5 4

23 SOliH HAVEN, MI 42.48 86.36 5.3

24 S SOiTH HAVE'N, M 42,34 86.37 5 2

25 14[NTStN ITk1;IR, Ml 4 2.:1 S6,.57 5,0

26 S ST, JlSEPH, MI 42.06 86.58 5.0

27 NlJ firtALO, ml 41.93 86.7H 4.8
:!a mI(.Hi(;AN cirY, I NO 4 t;7(3 B6.99 5,2
29 14lJRNt, HAVNN4W, INt 41.79 87.18 5,4

30 CHICAf;), 11.1. i101 0 87.38 5,,1

31 ('iu;Ai,11 tHi' ANAL., IA 41.95 87,56 56 L

32 EVANt
. r

O
N , HAI. 42.10 87.56 .,3

33 HIGrHI.ANII PAWK, IIL 42.26 87.73 5,2

34 WAIIkF (AN, IL 42.140 87.73 ,3. 3

35 KFtNOSHA, W 42.54 87.73 5.2

36 S RACINE, lt 42.69 87.71 3.9

37 N RACINF, W1 42.83 87.70 5,2

38 S MILWAUITE, (I 42.97 87.69 5,0

39 MIL4AIIK5
F 

, W 43.31: 87.68 4.8

40 S PORT UJASHINGON, Ul 43.27 87.68 3.9

41 PORT UAF4IN(friN, W4) 43.41 57.67 3.7

42 N PORT (4AHINN(;r(N, ( 43.55 87.66 3.8

43 S SHJi+OY'4IN, W.47 43.69 87.65 %&.0

44 N SHEBOY6AN, Ul 43.84 87.65 4.7

'45 MANI TO((C, 1 43.98 S7.64 3.8

46 TUG RIVCRSt, WT 44.13 B7.43 3.7

47 RAWI Y (VOIN?, Ul 44.27 87.42 4.5

48 IJAJ N E, WI1 44.42 B7.41 3.8

41? Ai.t(WPA, i1 44.56 87.20 3.6

50 SrURI;ON IAY CANAL, W 44,70 97.10 3.6

51 JACKSOINPI i, UI 44.84 87.18 4.7

52 <AIIEYS HARPiOR, Ui 44.98 86.98 4,5

53 N CANAL ,1it, W1 45.14 86.96 3.6
54 ;A;HIN610N OJ J-LflN, W41 45.27 86.74 3.4

55 FISHNRMAN ,HfIAI. W1 45.41 86,73 3.2

56 SrAN/fIA, MJ 45.54 B6.52 4.7

57 POINI AUX :ARJIifS, I 45.69 86.30 4.1
58 N POINT ALIX ,ARI4IJES, Mt 45.83 836,29 3.3

59 MANISIIJIP0' , M1 45.83 86.08 3.9

60 PORT ISLAND', MJ 45.1 R85.88 S.7

61 POINT PAII RSO.N, Ml 45.94 1 85.66 2.6

62 MrI.LF iC4WN'i RFFF, Mt 45.94 85.45 2.2

63 SAIILI F 515 MARIE, MI 45.93 85.25 2.4

64 bREUOORr t.AKt, MI 45.92 a5.04 3.7
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Table C-3. Wave heights (in meters) at Lake Huron study sites.

SIT F .1-T [1 ON [.,AT I I UDE L ONG I TIDE h

1. P0P I HURON. MT 43 .(02 82.33 6.2
2 L.AKEPORT, MI 43.16 82 33 5.8

I IFN1. 10N, MI 1.-3 31 82 33 4.7
4+ P)R f SAN .LAC, MI 43.45 82. 52 5.0., FL RF ST l1I F , M I L . 59 82. 52 3,7

6 HELENA, I 43.74 82.52 5. L.
, HARBOR (FACH, Ml 43 88 82 .52 5.7
8 HURON CuY, MI 4. 03 82 71 5.8
9 PORT CRFSCENT, MI 44 03 83. 11. 5.9

10 ENT RANCE SAGINAW BAY, MI L4 . 03 83 .30 6. 0
11 l AWAS CITY, MI 44.17 83.30 6.2
1.2 OSCODIA AU SABLE, M 144. 31 63 .11 5 , 9
13 GREFNBI.N:H-l, MI 44. L6 83. 11 5.9
14 HARRISVIL.LE, MI 44. 60 83.11 6, 2
1.5 BI.ACK RIVER, MI 44. 74 83 1.1 6.1
16 OSSINEKE, MI 44.89 83.11 6.1
17 NORTH POINT, MI 45.04 83. 11. 6,.1
18 ROCKPORT, MI 45. 18 83.30 6.0
19 STONF PO]RT., M .5 3.2 83 30 5.2
20 ADAMS POINT, Ml 45 .46 83.50 4.6
21 ROGERS CITY, MI L4-54 6 83 .70 5.0
2. HAMMOND BAY, MT 45.61 83,90 4.7
23 CORDW)OI POINT, MI 45 75 84 .09 4. 2
24 PnINT DLTl..,IMI E, MI 45 . 89 84 .09 5 .

25 'F1 0UR REEF , MI 5 89 83 .90 5 0
26 W E ND 1)R IMM[Ni ISLAND, MI L9. 75 83.70 4.9

FAILSE. aT )I.IR CHANNFL., M1' L5. 7 5 E 3 to 0 5.4
28 CCK BURN ISI.AND, MI 45. 75 83.30 5.6
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Figure C-4. Study sites at Lake Erie.

Table C-4. Wave heights (in meters) at Lake Erie study sites.

SITE LOCAT I(N L A T I T U [DE-- I U.. I T I iE h 5

1 FONR(F., N O 41 : 8 8 3 27 3
CED AIR PCfNFr H , O4 1 712 83 27 3. 1

3 LOCUST FPON'T, OH H 1 ,70 813 07 2,9
. PORT CINTON, O H 41.69 '2 .90 3.0

5 L.AK F S ]:'l . H-, H 1'141 1 , i. 82 , 70" 9
6 HUONE, (OH '41 .L 80 5 0 2 .5
7 VIRM IL JN, 0.1-l '41. .7 82 30 '4.1
18 IORAIN, AH 4. 1. .,7 82 .12 3.92
9 A V 0N P OT'I, (.0H 4 1. . .-j6 8]1,93 -3.I-4

1.0 F' L.I.-"V EL A N] D H ('11 4 .56 81. ,7: . 9

11 F OF I.,E:V AW4 OH,. 19.68 '1 3 "1 1
12 FAI ORT HARBOR, PA 4.1. '4 8 7 35 '4.
1.3 F 0)F" FAT. P0 PT HARBOR, OH! 1,t1. 1 87 1. 17 319

21 (EE E LA , (H 4'2 . 9 -I '4. 14
15 ASHTABUJL.A, OH 4.1. 1,.:] . 0 7 8 4. c

16 ONNEAUT, YH 1 -50 B0 60 14- 1.
17 GIRAD~, PA 4 -1), 12 80,38-- 4. 1
18 ERIE, PA 14.;1? .77 80 17 .5:
19 F: OF ERIEF, PA 4-. 27 79.98 4.0
20 .E O:F NORTH EAST, PA L4-" 41 79,75 1h. 0
21. WIESTFIELD, NY 42.' . L .I "'79. 57 .
22 DUJNK IRK, NY 4-2 .55 '.4-

23 ANGOL.A, NY '42.68 79.15 3,7
24 BUFFALO, NY L42.83 79,914 4.8
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Figure C-5. Study sites at Lake Ontario.

Table C-5. Wave heights (in meters) at Lake Ontario study sites.

R IATfT r I L , N Bui~ [, flN 1. 1n j h5

I 1j-i0R NI G R41 NY 1-- .. 4 79,03 z 1*

2 1JI .. CiN , N Y 14+3. L 7,D 83 1 ,
APPLETON, NY '43 4i.5

4 I+ TN I RTY MIL.iE. P 0.1' N T , N Y I+ 78 i. .sL3

5 LAKESIDlE. PARK.NY '43 '45.- 79, 25 36
6 K ENDIA . NY t I+ "1 8 F 0'

NORTH HAMI.N, NY 44A, 4 7 E , 9
8 w.Esr pRmfA-C."E'FR , NY '43. '48 7f 6 5~~
9 E A S I' COH~ 1-I P1E , N Y 4 3 3 ' 77.4u'

10 PL FgNEYV I eLE, NY s -e3s . 37 7 O.t2r1o. 4

1.1 SMDUt S , NY 1+3 E3 77. (07
12 OIA L C)T T , N Y 1.13 .3 6 . (3 4.5

1.3 FA]I R H AV EN ) NY '+3 , '41+8 76. 635
. OS-EGO, NY h43 63 -76 Lk . 6

I1. : L..ACINA, NY 43 :63 7 6" 3 5.8
16 SE LAI., E VIL L.,, NY 437. , ' 6. 4
:1 GALLCI 1 (L.AN I , NY LI. 3,91. 76 . Lf 5
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